Introduction: Monogenetic renal diseases, including recessively inherited nephrotic syndromes, represent a significant health burden despite being rare conditions. Precise diagnosis, including identification of the underlying molecular cause, is especially difficult in low-income countries and/or if affected individuals are unavailable for biochemical testing. Whole-exome sequencing (WES) has opened up novel diagnostic perspectives for these settings. However, sometimes the DNA of affected individuals is not suitable for WES due to low amounts or degradation.
R are diseases are defined as affecting <1 in 2000 individuals of the population; however, together, they represent a significant disease burden. Extreme genotypic heterogeneity significantly hampers the diagnostic pathway, and in areas of the world with limited medical and technical support, most families are left without a definitive diagnosis. Death of the affected individual with no possible further biochemical testing causes additional diagnostic obstacles. Recent development of next-generation sequencing (NGS) technologies, especially WES, has changed the rare disease landscape dramatically, including the findings for renal phenotypes, and more specifically, nephrotic syndromes. Currently, WES also allows a molecular diagnosis for cases with limited clinical information or laboratory workup, and is not significantly inferior to gene panels with regard to coverage 1 while offering much broader discovery possibilities for genes.
Nephrotic syndrome can occur as steroid-sensitive or steroid resistant disease (SRNS); the latter is a frequent cause of chronic kidney disease and renal failure, especially in the early decades of life. Histologically, FSGS is commonly noted in SRNS. Exome sequencing and other NGS technologies, such as gene panel sequencing, have recently extended the number of genes found to be causative to >30, and the genetic diagnosis rate has likewise increased to approximately 30%. 2 
Sialidosis (Online Mendelian Inheritance in Man
[OMIN]# 256550) is a rare lysosomal storage disease inherited in an autosomal-recessive fashion. It was first described clinically as a phenotype entity in 1968 by Spranger and Wiedemann, 3 and as lipomucopolysaccharidosis or mucolipidosis in 1970, and neuraminidase deficiency in affected individuals was detected in fibroblasts as early as 1977. Biallelic loss of function mutations in the gene encoding for neuraminidase, NEU1, was identified as a cause by Bonten et al. nearly 20 years later. 4, 5 However, due to the paucity of the phenotype and the diagnosis often being made clinically and biochemically via testing of the enzyme activity (e.g., in patient fibroblasts and urine analyses), only a few molecularly confirmed cases have been published to date.
NEU1 encodes for an enzyme, a-neuraminidase, which forms a high molecular weight protein together with cathepsin A; both enzymes together function as sialidase. Therefore, dysfunction of Neu1 results in accumulation of sialylated glycoproteins/peptides and oligosaccharides in lysosomes and their excretion into the urine due to defective degradation of these products. Urine analysis can be helpful for diagnosis, although cases without urine abnormalities have been reported in the literature, and detection of the sialylated products can be expensive and labor intensive. 6, 7 The observed different disease severities have resulted in division into the milder type I phenotype, also referred to as "cherry red spotÀmyoclonus syndrome" in which clinical signs usually only become obvious in adulthood, and the more severe type II, which is congenital or has infantile onset. Individuals affected by sialidosis type II exhibit typical storage disease features, such as coarse face and hepatomegaly. Developmental delay is also usually observed. 8 Nephrosialidosis was already recognized as a part of the phenotypic spectrum of sialidosis II in 1978; however, only 16 cases have been described in the literature to date. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Here, we describe the implementation of parental WES to define the underlying molecular cause of nephrotic syndrome in a deceased child. Unexpectedly, this led to a sialidosis type II diagnosis.
Nephrosialidosis is an ultra-rare disorder; therefore, it lacks comprehensive information about the clinical course. We provide a summary about all of the cases published to date. Our results serve as an example for using parental WES for molecular diagnosis of genetic renal disorders when patient DNA is not suitable for WES.
METHODS

Human DNA
Parental consent was given for genetic studies as part of the clinical diagnostic workup with approval from the local ethics committee. Genomic DNA was extracted from ethylenediamine tetraacetic acid blood using a standard commercial kit (Qiagen, Germantown, MD). DNA amounts were quantified using Bioanalyzer (Agilent, Santa Clara, CA), and DNA integrity was confirmed by running 500 ng of DNA on an ethidiumbromide-containing 1% agarose gel.
Whole-Exome Sequencing WES was performed as previously described. 26, 27 In brief, 5 mg of DNA from both parents were sent to Novogene Ltd (Hong Kong, China), where WES was performed using the Agilent Sure Select Human whole exome kit V.6 (Agilent Technologies, Santa Clara, CA) for enrichment. Sequencing was undertaken on a PE 150 HiSeq machine (Illumina, San Diego, CA). Read alignment and variant calling were performed with GATK (genome analysis toolkit) using default parameters with the human genome assembly hg19 (GRCh37) as reference. The obtained raw sequencing data were in the range of 12 to 13 GB; the raw depth achieved was 257Â to 266Â, average depth on target was 126Â to 144Â, coverage of targeted regions was >99%, targeted regions covered with a depth of at least 4 were >99%, targeted regions covered with a depth of at least 10Â were 98.6% to 99.1%, targeted regions covered with a depth of at least 20Â were 96.5% to 97.2%, and targeted regions covered with a depth of at least 50Â were 93.1% to 94.8%. Splice sites were defined within 10 bp next to intron-exon/exon-intron boundaries.
Variant Filtering
A stepwise filtering procedure was implemented, starting with filtering out any variants with a minor allele frequency $1% in control databases (Exome Aggregation Consortium, Genome Aggregation Database, dbSNP, the 1000 Genomes Project human polymorphism database and National Heart, Lung and Blood Institute Exome Sequencing Project; see Supplementary Web Resources). In the second step, only protein-coding non-synonymous, stop gain, frameshift or splice variants, as well as intronic splice site variants were retained. Remaining variants were then filtered for variants that occurred in both parents in a heterozygous state. Variants in genes known to cause a human phenotype when mutated, as well as novel variants (no reported frequency in any of the public databases), were subsequently prioritized. See Figure 1 for details.
Phenotypic Features Used for Variant Priorization
Initial phentoypic filtering was performed for variants in genes previously associated with any human phenotype. Secondary variant priorization was performed for variants in genes associated with a phenotype that was either congenital in nature or that occurred during childhood and involved the kidneys, including impaired renal function as determined by blood creatinine measurements, proteinuria, hematuria, abnormal renal ultrasound results (including hyperechogenic kidneys, renal cysts, and smaller or larger than normal kidneys), and abnormal renal biopsy results in pathology (including a diagnosis of fibrosis, glomerulosclerosis, tubular casts, tubular atrophy, hypercellularity, and reported renal or urinary tract malformations).
Sanger Sequencing
Polymerase chain reactions (PCR) reactions were performed using 50 mg of genomic DNA using a standard touchdown PCR protocol with 35 cycles. PCR protocol and primer sequences are available upon request.
RESULTS
Clinical Description
A 9-month Iranian female infant born as the first offspring of first-cousin parents presented to the local pediatric services with onset of edema in the lower Figure 1 . Variant filtering strategy. Visualization of the specific stepwise approach implemented to identify rare deleterious variants carried by both parents in a heterozygous state. MAF, minor allele frequency; WES, whole-exome sequencing. 
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body. She had generalized skin mottling at the time of admission, and organomegaly was noted. Urine analysis revealed nephrotic range proteinuria. Facial dysmorphism was present in the form of relatively course facial features and low-set ears. The extended clinical history revealed bilateral hearing loss, as well as a history of seizures and developmental delay (e.g., delayed sitting). Skeletal radiographic survey revealed no signs of skeletal dysplasia, but did reveal bilateral hip dysplasia and brachycephaly. Chest x-ray showed her heart was mildly enlarged and the presence of right upper lobe pneumonia. Brain magnetic resonance imaging without contrast showed bilateral mild frontotemporal atrophy. An ophthalmology consultation did not take place. Due to clinically evident nephrotic syndrome, steroid treatment was started, and a renal biopsy was performed; however, only 4 glomeruli were identified in the sample. Glomerular epithelial cells were enlarged, containing large amounts of foamy or granular cytoplasm. Pronounced thickening of the basement membrane was noted, but no signs of fibrosis or vasculitis were found. Tubule cells appeared polygonal, enlarged and likewise showed granular to foamy cytoplasm. Protein debris was observed inside the tubules. Subsequently, peritoneal dialysis was started; however, as her clinical state declined, she was transferred to the pediatric intensive care unit where she passed away after 5 days due to cardiovascular failure with severe blood pressure fluctuations.
Genetic Workup Using Parental WES
To establish a molecular diagnosis, in light of further planning for the family, we decided to perform WES in the parents due to insufficient DNA amounts available from the patient. More than 300,000 variants were reported for each parent in either the homozygous or heterozygous state. Subsequent variant filtering was performed for each parental data set as shown in Figure 1 , based on a variant frequency of <1% in available databases, including the Exome Aggregation Consortium, Genome Aggregation Database, dbSNP, the 1000 Genomes Project human polymorphism database, and National Heart, Lung and Blood InstituteExome Sequencing Project (see Supplementary Web Resources), as well as protein coding changes and splice site regions. We then proceeded to filtering for variants that occurred in both parents in the heterozygous state, assuming the child was homozygous for the disease-causing variant because of the Figure 2 . Family pedigree and NEU1 mutation segregation confirmation by Sanger sequencing. As suggested by whole-exome sequencing, both parents carry c.1109A/G in a heterozygous state, whereas the affected child was homozygous for the mutation. During our study, a healthy sibling was born; however, no DNA was available for testing. Maroteaux et al. 9 Aylsworth et al. 11 Matsuda et al. 13 Shimada/Okada et al. Kashtan et al. 20 Toyooka et al. 16 Kanaka et al. 21 Tylki-Szymanska et al. 12 Ovali et al.
b
Schiff et al. 23 Caciotti et al. 24 Chen et al. Figure S1 for the variant location in the binary alignment map [BAM] files). Fifty NEU1 mutations identified as causative for sialidosis I/II (OMIM 256550) were reported to date in the Human Gene Mutation database (www.
http://www.hgmd.cf.ac.uk/ac/index.php), among which was the variant we identified, as originally reported by Bonten et al. in 2000. 5 Furthermore, the phenotype in our case, with coarse facial features, organomegaly, neurological problems, and foamy cytoplasm found in the renal biopsy material, matched the phenotypic criteria of nephrosialidosis, which was reported in <20 cases in the literature. Subsequent Sanger sequencing confirmed the affected individual carried the NEU1 missense variant in a homozygous state (see Figure 2 for pedigree and sequencing results). The affected nucleotide was highly conserved (phyloP 4. 56), and so was the amino acid among species, including that in Mus musculus (mouse), Danio rerio (zebrafish), and Xenopus tropicalis (frog). Tyrosine and cysteine are physiochemically distant, and the variant was predicted as disease-causing (score 1.0) by mutation taster prediction software (www.mutationtaster.org; see Supplementary Web Resources). According to the guidelines, the identified variant shows strong evidence for pathogenicity (PS1 variant) and was classified as pathogenic according to the American College of Medical Genetics and Genomics (ACMG) variant classification rules. NEU1 function and the most severely affected organs in sialidosis are outlined in Figure 3 .
Clinical and Molecular Features of Previously Reported Nephrosialidosis Cases
Nephrosialidosis represents an ultra-rare disorder and therefore clinical descriptions are sparse. We screened PubMed for previous reports and found 16 cases, which are summarized in detail in Table 2 and a short summarizing description in Supplementary Table S1 . Only 1 of these cases had been molecularly confirmed. The main onset of proteinuria was at age 2 to 3 years, with few earlier or later cases. Four of 16 patients received steroid treatment with no improvement. Renal pathology revealed mainly FSGS with vacuolated cells. Extrarenal manifestations were found in all reported patients, with most presenting with hepatomegaly, whereas corneal clouding and a cherry-red spot on the macula was only observed in approximately 50% of cases. Most patients showed extrarenal symptoms before the onset of renal manifestations. The disease course was unfavorable in most cases, with 14 of 16 cases no longer alive at the time of reporting. It is unknown if the remaining 2 cases survived or died at a later stage.
CONCLUSIONS
Sialidosis is a rare autosomal, recessively inherited disorder that results in lysosomal accumulation of sialyated protein products and excretion of such products in the urine. Diagnosis is usually made based on clinical criteria, including classical storage disorder symptoms, such as facial dysmorphism and organomegaly. Cherry red spots at ophthalmological examination and neurological symptoms in combination with biochemistry analyses for sialyated products in the urine and/or in tissue samples (e.g., fibroblasts) can also be used for diagnosis. However, such analyses may not be available in countries with low socioeconomic status. In our case, the patient came to the attention of medical services due to nephrotic syndrome, and as a result of rapid deterioration of her health with a fatal outcome, a diagnosis could not be made before her death. However, the family was desperate to understand what caused her death and to ascertain knowledge for further family planning. We suspected a storage disease because of the phenotype of the infant, which included coarse facial features, organomegaly, neurological problems, and foamy cytoplasm found in the renal biopsy material. However, because of the family's consanguinity, and therefore, a possibility of 2 recessive disorders segregating (storage disorder and nephrotic syndrome) within the family, we decided to perform WES instead of targeted gene analyses. The number of possibly causative genes was extensive, and WES was the most economic test ($450 USD per sample, including bioinformatics) with the best chances to identify the underlying genetic cause. Due to the unavailability of sufficient high-quality DNA for the index case, we sequenced both parents instead, because we previously successfully identified a causative TRANSLATIONAL RESEARCH recessive gene using parental samples and checked those samples for a shared heterozygous diseasecausing variant. 28 This allowed us to save the patient's small amounts of DNA for Sanger sequencing. Although our method is more effective in consanguine families because filtering for a shared variant is possible, it is also feasible for nonrelated parents by filtering for heterozygous variants in the same genes. We applied a filtering cascade that technically contained a Mendeliome analysis. Mendeliome NGS sequencing represents a targeted WES approach in which only genes known to cause human disease are included instead of the genome-wide approach in WES. Numerous medico-biological companies offer this sequencing approach, and some genetics centers apply this method for variant detection rather than WES as the first-line method. With regard to cost, it is usually not significantly cheaper, despite the fact that less sequence reads are required, because sample preparation process and time are equal to WES but less DNA input is required (w200 ng compared with several micrograms for WES). This is still more than that used for a single PCR with subsequent Sanger sequencing, in which 25 to 50 ng are sufficient. Therefore, in our case, we opted not to attempt targeted WES but instead used parental samples for WES. However, it can be an interesting approach for cases in which only 500 ng or 1 mg of DNA is available. Although an advantage of targeted WES is less bioinformatic data usage, which allows easier and faster data analysis, the disadvantage is that due to rapid discovery of novel human diseasecausing genes, targeted exome kits are never "up to date"; therefore, recently published data on genes are not covered. Furthermore, by default, targeted WES does not offer the possibility of novel gene identification. In contrast, targeted WES may offer slightly better coverage of known disease-causing genes due to optimizations and less genes to be covered by the sequencing method; however, we achieved a depth of 4Â for 99%, 10Â for 98.6% to 99.1%, 20Â for 96.5% to 97.2%, and 50Â for 93.1% to 94.8% of targeted regions, with 99% of targeted regions covered, which is usually sufficient.
The histological changes reported for the renal biopsy in our case are not unique to storage disorders. Some vacuolization of visceral epithelial cells also occurs with other forms of nephrotic syndrome, such as FSGS, and minimal change disease, but not to the same extent, and usually with empty vacuoles. 25 In contrast to some previously reported nephrosialidosis cases, no sclerosis was found in our biopsy, and the glomerular basement membrane likewise appeared normal. As pointed out by Chen et al., 25 Denys-Drash Syndrome (OMIM 194080) can also present with dysmorphic facial features, neurodevelopmental delay, and nephrotic syndrome, although usually congenitally and foamy podocytes have also likewise been described in Alport syndrome (OMIM 301050). In addition, action myoclonus renal failure syndrome caused by SCARB2 mutations presents with overlapping features compared with nephrosialidosis (e.g., progressive neurological diseases, FSGS, nephrotic syndrome, and renal failure). Histology can show vacuolar cytoplasm and granular deposits within the renal tubules. 29 Therefore, these conditions should be considered in the differential diagnosis and rendering of WES, rather than considering hypothesis-driven, single-gene sequencing to be more efficient.
Hepatomegaly seems to be the most common extrarenal feature in nephrosialidosis patients, whereas pathognomonic signs (e.g., a cherry red macular spot or corneal clouding) occur only in approximately 50% of cases. In most previously reported cases, extrarenal symptoms occurred well before renal manifestations; however, in areas of the world with difficult to access medical care or with limited diagnostic possibilities (e.g., our case), nephrotic range proteinuria can be the first symptom that brings a patient to medical attention. As for the previously reported 16 nephrosialidosis cases, only 1 was confirmed on a molecular level; putative genotype-phenotype correlations cannot be Figure 3 . Schematic of NEU1 function and organ involvement in sialidosis. NEU1 (a-neuraminidase) functions together with cathepsin as sialidase, removing sialic acid from glycoproteins and/ or peptides and oligosaccharides. Accumulation of sialylated products in lysosomes causes progressive organ dysfunction, including the kidneys, liver, heart, brain, eyes, and bones.
made. It remains unclear why some patients develop renal disease, whereas others do not.
In summary, our findings underline the power of WES for molecular diagnosis in rare diseases. Our findings indicate that primary WES analysis is a reliable diagnostic measure for a relatively cheap price, especially in areas of the world where elaborate biochemical analyses are not available. Parental sequencing should be attempted if there is not enough DNA or only low-quality DNA is available from the index case. Furthermore, nephrosialidosis should be considered as a differential diagnosis in patients with steroid resistant nephrotic syndrome with dysmorphic facial features and developmental delay. 
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